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Electrophysiological Study with Oxonol VI of Passive NO; Transport by
Isolated Plant Root Plasma Membrane

P. Pouliquin, J.-P. Grouzis, and R. Gibrat
Biochimie et Physiologie Moléculaire des Plantes, CNRS (URA 2133)/INRA/ENSA-M, Montpellier, France

ABSTRACT In contrast to animal cells, plant cells contain ~5-50 mM nitrate in cytosol and vacuole. The lack of specific
spectroscopic probes, or suitable isotopes, impedes in vitro studies of NO; transport. Reconstitution of root cell plasma
membrane (PM) proteins in mixed soybean lipid:egg phosphatidylcholine allowed for the generation of large K*-valinomycin
diffusion potentials (E,,), monitored with the oxonol VI dye. Nevertheless, E,, was restricted to ~130 mV by capacitor
properties of biological membranes. This caused an increasing discrepancy at higher K*-Nernst potentials used for
calibration. Therefore, E,,, was determined directly from the fluorescence of the dye free in buffer, bound at zero E,,, and
bound upon E,,, generation. Then, an electrophysiological analysis of the NO; -dependent dissipation rate of E,,, gave the net
passive flux (Jy) and the permeability coefficient to NO5 (Py). The plant root cell PM exhibited a strikingly large Py, (higher than
1079 m s~ ") at high E,,, (90-100 mV) and pH 6.5. At low E,,, (50-60 mV) and pH 7.4, P, decreased by 70-fold and became
similar to that of the lipid bilayer. This agreed with the previous observation that 15 mM NO; short-circuits the plant root PM
H*-ATPase at its optimal pH of 6.5.

INTRODUCTION

Plasma membrane (PM) HATPase of plant, algae, and tive passive pathways to anions in leaf guard cell PM, and
fungus generates membrane potenti&g)(up to 250 mV  a permeability coefficient 4- to 10-fold higher for NGP,)
(Gradmann et al., 1978; Sanders and Slayman, 1989). Wiaan for CI" (Schmidt and Schroeder, 1994; Hedrich and
showed elsewhere (Grouzis et al., 1997) that inside-out PNWarten, 1993). Although large passive RGefflux from
vesicles from root cells, double-labeled with fluorescentroot cells can be transiently observed (for example, Delhon
probes for pH and,,,, cannot be acidified in the absence of et al., 1995), no channels for passive Néfflux have been
permeant ionic species to electrically compensate pumpefiund to date in mature cortical root cells, despite attempts
H™; as expected, the pump stalls on the high, positive-insid¢Ryan et al., 1997). This prompted us to examine in vitro the
E,, it creates. Short-circuiting the HATPase at pH 6.5, the passive N@ transport and permeability coefficient of plant
acidic optimum of plant PM H pumps, triggers its maxi- root cell PM.

mal H*-pumping rate; this can be achieved by adding the Isolated vesicles are suitable to control ion concentrations
K™ ionophore valinomycin to vesicles loaded with 100 mM across the membrane and to determine net ion fluxes and
K™ or, alternatively, by adding only 15 mM NDto the  permeability coefficients, by measuring filling or emptying
outside of non-K-loaded vesicles. This NDshort-circuit-  kinetics (Venema et al., 1993). Furthermore, inside-out PM
ing reveals a concurrent (electrically coupled) transport ofvesicles make transport sites of passive efflux systems ac-
H* and NG;. It is saturable, inhibitable, and thermolabile cessible to the external medium. Unfortunately, the lack of
and not observable, by contrast, with liposomes containingpecific or suitable spectroscopic probes and isotopes im-
only the purified H -ATPase. In this way, the root cell PM pedes in vitro studies. We have shown that N&rongly

appears more conductive to §Ghan to CI" orevento K',  increases the dissipation rate of ¥alinomycin diffusion
due to a protein-mediated passive pathway (i.e., driven b¥_ across PM vesicles, qualitatively monitored with the
the transmembrane ion electrochemical gradient). oxonol VI dye (Grouzis et al., 1997). This offered a more

Anion transport at the animal cell PM is mainly attribut- direct access to passive jQtransport by PM proteins,
able to CI' and HCQ (Stein, 1986). Plant cells, which compared with N@-coupled H -pumping rate evoked
ensure the major N input in terrestrial trophic chains, con-above.
tain usually~5 and 50 mM in cytosol and vacuole, respec- As plant cells are strongly polarized, the aim of the
tively (Zhen et al., 1992). Channels confer highly conduc-present work was to generate largé #alinomycin diffu-
sion E,,. This revealed an inconsistency between the re-
sponse of oxonol VI and theoretical (KNernst)E,, higher
Received for publication 8 May 1998 and in final form 6 October 1998. than 70 mV. The plot of oxonol response versus Nernst
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erty to determineE,, directly from the fluorescence of in which Lip is the molar concentration of phospholipids in the assay

oxonol VI. Then, the electrophysiological analysis of the cuvette C, the concentration of entrapped pyranine in the lumen (0.5 mM),

NO; -dependenE,, dissipation rate allowed the demonstra- and C, the macroscopic concentration of pyranine in the assay cuvette,
3 m

. L . deduced from comparison of the fluorescence intensity of the sample and
tion that the root cell PM exhibits, like that of leaf guard a calibration curve with bulk pyranine (in the absence of vesicles). Denot-

cells, a strikingly large permeability coefficient for NO ing s the molecular area of the phospholipids (75 According to Gibrat
(higher than 10° m s %). The corresponding conductive and Grignon, 1983)A the vesicle mean area (in*Acorresponding to 2
pathway appeared voltage dependent and detectable on|y_(étphosphollp|d|c area), ant the Avogadro’s numberR,, the mean

the acidic optimal pH of 6.5 of plant PM HATPase. internal radius of the vesicles (in A), Is given by
R, = 3V4/2A = 6V,/Ns = 133V,
MATERIALS AND METHODS The second method to estimate vesicle size used gel filtration chroma-
A . tography (Reynolds et al., 1983; Ollivon et al., 1986). A column X¥60.9
Experimental materials cm) was poured with Sephacryl S-1000SF at a flow rate of 0.25 ml/min.

. . Vesicl mpl re chrom raph n columns prt r ith thr
Corn seedsZea mayd.., var Mona) were grown as described previously esicle samples were chromatographed on columns presaturated with three

(Simon-Plas et al.,, 1991). Microsomes were prepared according to Dcolumn volumes containing 0.25 mg nilsonicated soybean lipids in 0.1

Michelis and Spanswick (1986). Plasma membrane was further purified as HEPES_U (PH 7.4), 50 mM LiSO,. A 500-ul aliquot of sample (1 mg
- ; of lipid) was layered on the top of the column and eluted at the same flow
described elsewhere (Galtier et al., 1988).

rate in elution buffer containing 0.1 M HEPES-Li (pH 7.4), 50 mM$0,.

The total volume ¥,) and the void volume\({;) of the column were
determined from the elution of a peptide (Gly-Tyr, molecular weight
238.2) and multilamellar vesicle (MLV) lipid or latex beads (diameter, 5.7
The PM protein moiety was reconstituted by rapid elimination of the #M). respectively. For calibration of the column with latex beads (diam-
detergent DOC in a Sephadex G-50 mini-column, at a lipid-to-protein ratio®ters, 97+ 13 and 302« 6 nm), the column was equilibrated and eluted
of 15 (w/w), according to Grouzis et al. (1997). Control liposomes of with elution buffer containing 3 mM sodium dodecyl sulfate (SDS) to
mixed soybean phospholipid:egg PC (8:2, wiw; soybeanphosphati- ~ Prevent aggregation of the latex beads (Reynolds et al., 1983), 8@,
dylcholine, type 11-S, and egg phosphatidylcholine, type XVI-E, Sigma Was replaced by NaCl in elution buffer to avoid precipitation. The effluent
Aldrich Chimie, France) were prepared in the same way. Otherwise statedVas monitored by optical density at 280 nm. Vesicle radius was estimated
reconstitution was performed in a medium containings®, (0-50 mmM, Dy the procedure of Ackers (1967). A partition coefficient, designtggd

as indicated in text and legends), 0.1 M HEPES-Li (pH 7.4), 50 mM is given by
Li,SO,, and 20% (v/v) glycerol. As detailed elsewhere (Grouzis et al.,

1997), this reconstitution procedure gave a homogeneous population of

h‘?“'y tight vesicles cor_]taining unidirectiona_\lly (i_n§ide—out) reinsertec_i whereV, is the elution volume of the sample. The hydrodynamic radius
H™"-ATPase molecules with the same hydrolytic activity as the total one inig given by

native membrane (i.e., corresponding to the sum of the so-called basal plus

Protein reconstitution procedure

Kav = (Ve - VO)/(VI - Vo),

latent activities, measured on a detergent-permeabilized mixture of native r=a,+ boerf‘l(l — Kav)x

inside-out plus right-side-out vesicles). The tATPase in reconstituted

PM vesicles remains short-circuited by §Gind the NQ-coupled H wherea, andb, are constants of the column aad™* the inverse standard
pumping exhibits similaK,, for NO3 as in native vesicles. error function, found in probability tables.

Encapsulation of pyranine in membrane vesicles Oxonol VI fluorescence measurement

To encapsulate pyranine (8-hydroxy-1,3,6-pyrene-trisulfonic acid) intoFluorescence intensity of tHg,, probe oxonol VI (50 nM) was measured
membrane vesicles, reconstitution was performed in the presence of 0& excitation/emission wavelengths of 614/646 nm with an Aminco-Bow-
mM pyranine. Nonencapsulated probe was removed by gel filtration on anan Serie 2 spectrofluorometer, fitted with a stirred disposable cuvette (2
Sephadex G-50 mini-column. Pyranine was also encapsulated into soninl of assay medium) thermostated at 30°C. Diffusipwas created by
cated and freeze-thawed liposomes. Eighty milligrams'rphospholipids  adding a concentrated aliquot 080, (final concentration of 100 mM) to
were dispersed in 0.1 M HEPES-Li (pH 7.4), 50 mM,80,, 10 mM  the assay medium containing reconstituted vesiclesuénl—* phospho-
CaSQ, and 0.5 mM pyranine, by vigorous mixing on a vortex mixer in the lipids), 20 nM valinomycin, 0.1 M HEPES-Li (pH 7.4), 50 mM JSQ,,
presence of glass beads for 15 min under argon. This suspension wasid the same ¥SO, concentration as that used for reconstitution (0-50
sonicated for 20 min under argon in a Bransonic bath sonicator untimM). E,,, was determined as described in Results from four fluorescence
clarification. Freeze-thawed liposomes were obtained from sonicated lipointensities Fy, F,,, Fte, andFt, (see Fig. 1), corrected for dilution due
somes after four freeze-thaw (liquid nitrogen/ice) cycles. After 10-fold to addition of successive aliquots. Intrinsic fluorescence of the assay buffer
dilution in the same medium without CagQhe suspension was passed (F, ) was substracted frorf,, Ftc,, andFt, before introducing these
through a Sephadex G-50 mini-column to remove nonencapsulated pyraningtter in relations detailed in Results or Appendix.

Determination of vesicles size Protein determination

Two methods were used to determine vesicles size. It was estimated firgtroteins were determined according to Schaffner and Weissmann (1973),
from the fluorescence of entrapped pyranine recorded at 511 nm aftewith bovine serum albumin as standard.
excitation at 421 nm. The fluorescence decrease of the dye in the presence
of the quencher DPXptxylene-bis-pyridinium bromide) indicated that
more than 90% of the dye was entrapped. The specific internal volyme Statistics
(in 1 per mol of phospholipid) was given by
All values reported in this study are the meansSE of at least six values
V; = CJ(C, Lip), from two or more different membrane preparations.
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RESULTS AND ANALYSIS I i I I

Response of oxonol VI to K*-valinomycin K
diffusion potentials

o
i

e Ft

Upon binding to lipidic vesicles, fluorescence of the li- {7 Em

pophilic dye oxonol VI is red shifted and its quantum yield

IS
I

strongly increases (Bashford et al., 1979; Apell and Bersch, eth
1987). As the most permeant cyanine dye, oxonol VI freely -
equilibrates across biological membranes (Bashford et al., vesval l <

1979; Clarke and Apell, 1989). After vesicle addition, a first
fluorescence augmentation at 646 nm upon excitation at 614
nm (F,) was observed in response to the oxonol VI binding
on the two bilayer leaflets of vesicles at z&tq (Fig. 1).F,

was routinely measured after addition of the' libnophore

eth (ETH 149) to Li-loaded vesicles, ensuring a zeEg.

In the presence of the Kionophore valinomycin, imposi-
tion of an inward K diffusion gradient positively polarized
the VeS_ICIeS and Caus_ed,anmher ﬂuo_rescence, incra&ge ( FIGURE 1 Typical fluorescence response of oxonol VI to the imposition
due to its additional binding onto the internal bilayer leaflet ot 4 infinite inward K"-valinomycin diffusion gradient across control
(Fig. 1) in response to the accumulation of the free form ofiposomes. Liposomes were prepared in &-containing reconstitution
the oxonol VI anion in the vesicle lumen. The latter was buffer without K*, as described in Materials and Methods. At the indicated
expected to accumulate according to the Nernst equilibriunimes. oxonol VI (0xo= 50 nM), liposomes (ves- 50 ug phospholipid

. . ml~%), valinomycin (val= 20 nM), K,SQ, (K* = 100 mM), and the Li
(BaShford etal., 1979; Clarke and ApeII, 1989)' ionophore eth (.M) were successively addeH,, was determined from

four fluorescence intensities: 1) the (intrinsic) fluorescence of the assay
Ox = Ox, exd (F/IRTE,,], (1) medium £, 2) the total fluorescence after oxonol additidh,), 3) the
one after imposition of a positive inside, using K*-valinomycin diffu-
whereR andF are the classical thermodynamic constaifits, Sion gradientsKtg), 4) the one at zer&,, measured after short-circuiting
is the absolute temperature, adg andOx, are the free dye E,, with Li _*-ionophore ethKt,). Addition of vesicle_zs and imposition &,

. . . . . led to two increases of the fluorescence, respectively, ¢l = Fty —
concgntratlons in the !umen and in the outside, respectlvgl){zw) and AF (AF = Ft,, — Ftp), due to the oxonol VI binding to the
Classically, E,, is estimated from the fluorescence ratio membrane. The maximal, initiaiF is notedAF,. Fluorescence intensities
(Rt= AF/Fy) (Apell and Bersch, 1987; Venema et al., 1993; were corrected for successive dilutions.

Ros et al., 1995).

PM proteins from plant root cells were reconstituted in
mixed soybean phospholipids or in mixed soybean phosfFig. 5). Linear Scatchard plots indicated that the quantum
pholipid:egg PC (8:2, w/w). The 3.5-fold increase of theyield of the dye remained constant throughout binding iso-
half-time of Rt dissipation (Fig. 2) indicated that the mem- therms (Fig. 5, inset). Maximal (extrapolated) fluorescence
brane tightness was significantly improved by complementper saturated membrane leaflen, /2, Table 1) was 11- to
ing mixed soybean phospholipids with egg PC. 18-fold higher than the value &%, + AF observed aRt,,,.

The initial fluorescence ratioRt) was measured at in- Thus, the latter could not be related to the saturation of the
creasing K -valinomycin gradients and plotted versusK internal leaflet or to the quenching of bound dye.
Nernst potentialsHye s, Fig. 3). Unexpected\Rt reached Alternatively, we hypothesized that diffusidg,, could
a plateau Rt .,) at Enermstl@rger than 130-150 mV. This not exceed 140 mV. Dielectrical breakdown seemed un-
could arise from 1) free dye depletion as the assay mediurikely because it is known to occur within 250-300 mV in
contained only 50 nM oxonol VI or 2) saturation of the plant cells (Teissie and Tsong, 1981; Mueller et al., 1983)
internal membrane leaflet and/or quenching of bound dye and because the half-time &t dissipation remained con-
high E,,, (oxonol V is quenched upo,, generation; Kaest- stant atEyens: Of 73 mV, 116 mV, 192 mV, and even
ner and Sze, 1987). infinite (when the vesicle lumen was initially deprived of

Binding parameters were determined by titrating oxonolK *; inset of Fig. 3). DiffusionE,, across small vesicles
VI (50 nM) with liposomes and reconstituted PM vesiclescould be otherwise limited by the high capacitanCg,) of
(Fig. 4). Scatchard plots were linear, indicating that oxonolbiological membranes (Apell and Bersch, 1987). Indeed,
VI binding obeyed a mass action law (Fig. 4, inset). Max-charging the equivalent membrane capacitor so Hat
imal (extrapolated) fluorescence for totally bound diye¥  increases from O t&,, (corresponding t&t), requires that
ip» 1able 1), compared witk, + AF previously observed a significant number of K ions enter into the vesicle
at Rt (Fig. 1 or 2), indicated that 60% of oxonol mole- lumen. Because the small vesicle size, this initial entry of
cules remained free at the plateau; thereforeRhg,value K™ significantly increases the internal "'Kconcentration
could not be related to dye depletion. Second, liposomefrom K, (initially imposed) to K (finally reached at equi-
and reconstituted PM vesicles were titrated with oxonol Vllibrium E,, = E,). E., should be reached for K= K +
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A

FIGURE 2 Effect of egg PC B
complementation of mixed soybean | | I ! !
phospholipids on the tightness of re-
constituted PM vesicles. Experimen-
tal conditions forE,,, imposition were
similar, and labels have the same
meaning as the ones in the legend of
Fig. 1. (A) Responses of liposomes
(trace g and reconstituted PM vesi-
cles grace b, both prepared from
mixed soybean phospholipids com-
plemented with egg PC (8:2, w/w), as
described in Materials and Methods.
Trace ccorresponds to PM vesicles
reconstituted from soybean phospho-
lipids without egg PC. The fluores-
cence ratioRt (Rt = AF/Fq; see Fig.

1) obtained from data i is plotted

in B. Half-time of the decay kinetics
of Rtincreased from 14 to 48 s when
mixed soybean phospholipids were
complemented with egg PC for pro-
tein reconstitution.

Fluorescence (arbitrary units)

time (s)

Ke*q, the latter being expected from the classical relationApell and Bersch, 1987). Although the responseRgfto

Q = AC.,E,, whereA and Q are the capacitor area and E,; arises from that of the bound and not of the free form of
charge, respectively: the dye,E,,; was determined using Eq. 1 assuming that 1)
oxonol VI binding to the two membrane leaflets was linear

+ — —

Keq = QI(FV) = 3CEnl(RF), (2) with free oxonol VI concentration, which was likely be-
where R, and V are the vesicles radius and volume, cause its total concentration (50 nM) was 100-fold lower
respectively. than the dissociation constant of membrane sikes< 6

. uM; Fig. 5 and Table 1) and 2) free external dye concen-

Eni = (RTF)IN[K /(K + Keg)] (3)  tration (Ox,) remained nearly constant and equal to the total

concentration; it was estimated above that 60% of the dye
3ChEnd(RF) + K = Ko exd—(FIRDEn] =0 (4) | cmained free at maximéd,;. ’
Equation 4 can be solved numerically to calculBtg from From these hypotheses, the accumulation ratio of the
initially imposed K'/K,” gradients (Apell and Bersch, bound dye on the two bilayer leaflet©X,/Ox,,) was
1987). Noteworthy, it gives maximél,, = 125 mV for the ~ expected to be linear with the one of the free dye in the two
highest used K in the present study (200 mM, Fig. 3) and compartments @x/Ox,), and therefore the former ratio
for K, = 0, usingR, = 28 nm (Table 2) an€C,, = 1 uF  could be used in place of the latter to calculgg using Eq.
cm™ 2 (Schatchtman et al., 1991; Sukhorukov et al., 1994)1. From the definition oAF andF, indicated in Fig. 10X,
Thus, the capacitor model accounted for the plategy,  and Ox,, were proportional to AF + Fy/2) and Fy/2,
observed aEy,larger than 140 mV (Fig. 3). From Eq. 2, respectively, and,; given by
KJ, corresponding to this maximdt,, was 1.3 mM. As E.. = (RTF)IN(2Rt + 1) )

cogfirmed by comparison OEy..;and experimentak,,

(Eprobes Fig. 6 A) determined as indicated beloEye s This first direct estimate of,, is denotedE,,pe,in the
calculated from initially imposed K/K;" (as opposed to following. In experiments of Fig. 6E,; was adjusted by
Ko /K;t) appeared misleading for;Klower than or close to  varying Ki at constant K = 200 mM. As smallerE,,
Keq due to capacitor properties of vesicles (FigB)6 corresponded to K >> K, as required to escape to ca-
pacitor effects evoked abové,,,,e; Was expected to be
initially linear (with a slope of 1) withEys: Calculated
from K /K. In addition, maximaE,,,,,.;Was expected to
As calibration usingEyes Calculated from K/K; could  be ~120-130 mV according to Eq. 4. Inded}, e, Was
be misleadingk,, was determined directly from oxonol VI initially linear with Eyqns: (Fig. 6) as opposed to the clas-
Rt. As a permeant lipophilic anion, the free form of oxonol sical plotRt versusEyems Which was sigmoidal (Fig. 3).
VI is expected to thermodynamically equilibrate across theHowever, both slope and maximé&l,, ..., Were approxi-
membrane vesicle according to Eq. 1 (Bashford et al., 1979nately twofold smaller than that expected.

Direct determination of E,,, with oxonol VI
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Nernst FIGURE 4 Fluorescence titration of oxonol VI with reconstituted PM

) ) ) . ) vesicles and liposomes at zdtg,. Medium contained 50 nM oxonol VI in
FIGURE 3 Effect of increasing K-valinomycin diffusion gradient on 0.1 M HEPES-Li (pH 7.4), 50 mM LSO, 0.5 mM K,SO, and the
the initial fluorescence ratio of oxonol VI. Vesicles were reconstituted in; jic~teq phospholipid concentrations. PM vesic® ¢r liposomes Q)
the presence of 0-50 mM 80, and_ equ_lllbrated in the assay medlu_m were reconstituted in the same buffer, as described in Materials and
containing the same 480, concentration, in the presence of valinomycin. Methods.F, is the oxonol fluorescence increase after each vesicle addi-
Then, posmvel;m was generatgd as.descrlbed in Fig. 1 by adding ation, due to the binding of the probe onto these laftgs.was corrected for
concentrated aliquot of §80, to give a final external concentration of 100 the fluorescence of free oxonol and the intrinsic fluorescence of the
mM. The mean value of the initial fluorescence raftt (= AF;/Fy), and vesicles, measured in separate experiments. The mafpatlues Em-
the associated standard error determined from four to six experiments witlliwp) extrapolated from the linear Scatchard piasé) are given in Table 1.
reconstituted _PM vesicles®] or |IPO§0m(?S ©). IS pIo_tt_e_d VErsus the Fmy, allows the calculation of the ratio of the relative fluorescence yield of
Nemst potential expected from the K:hffusmq grgd|ent initially imposed oxonol @,) when bound on the vesicles relative to free in solution (see text
(Enernst = (RTIF)IN(KZ/KY)). (Inse) Decay kinetics ofRtRY; for recon- and Table 1).
stituted PM vesicles at followinyens: 73 MV, 116 mV, 192 mV, and
infinite (no K* initially inside).

mV), and thu€x,, versusOx likely deviated from linearity

. - .. at the highesE,; values.
The major part of this discrepancy arose from the signif The binding isotherm of oxonol VI can be accounted for

icant depletion of the free dye upon increasigg,;, in . .
e . . . see the Appendix) by the values§f and number of sites
contradiction with the second hypothesis above. This effec{ er lipid (N, Table 1) and the lipid concentratiobip). This

was accounted for, as detailed in the Appendix, from theD” d us to determine th i lationship bet
fluorescence intensitids,,, Ft,, andFtg,,,, measured in each allowed us fo determin€ the nonfinéar refationship between

record (Fig. 1), and from the relative fluorescence yiéld the ratioOx,/Ox,., experimentally given by R’ + 1, and

of bound/free dye, determined from titrations above (seéhe ratioOx/Ox, used to calculate equilibriufiy; in Eq. 1.
legend of Table 1)Rt corrected for depletion, and denoted

Rt{l' was given by TABLE 1 Oxonol VI binding and fluorescence parameters
Rt:,: FW((FtEm - Fto)(q)r - 1))/((CI)TFW - FtEm)(Fto - FW)) VeSiCIe type Frnip (a.u.) q)r Frnox (a.u.) Kd (IJ’M) N (mOI mol’l)
(6) Liposomes 8.2 17.2 85.6 6.2 83103
Proteoliposomes 7.3 15.1 1249 7.4 13802

Introducing Rt/ in place of Rt in Eq. 5 gaveE,qpea
initially linear with Ey,msWith a slope close to 1 (0.85) and The parameteFmy, was the maximal fluorescence intensity of bound

maximal Eprobe2C|05e to 115 mV (Fig. 6). In addition, data oxonol VI (50 _nM)_, dete_rmined by extrapqlating the Iine_ar Scatcha_rd plot
of data from titration with membrane vesicles (Fig. #). is the relative

were corrected for the Sllght_ deVIatlor? from Imea”t_y of the fluorescence yield®, = Fmy,/F,,, whereF,, is the fluorescence intensity
bound versus free dye relation (see first hypothesis aboveys 50 nm free oxonol in buffer, measured in the same conditions; see Fig.
expected to occur at the internal and not external leaflett). Parametersm,, andK, were, respectively, the maximal fluorescence
Indeed, in the latter CaS@Xbo remained |ike|y linear with  intensity at oxonol VI saturation of membrane vesicles (@3 phospho-

OXo because the latter (50 nM) was at least 100-fold |0we'lipids), and the dissociation constant of membrane sites, determined by
extrapolating the linear Scatchard plot of data from titration with oxonol VI

than membrane Sit€, (6 mM; Fig. 5 and Table 1_) whatever (Fig. 5). The specific number of membrane sité§ (ol per mol of
Eni» as already noted. By contrast, Eq. 1 predicted @@t  phospholipids) was given by = Fm,, Oxt(Fmy, Lip), whereLip is the
could increase up to @M at maximal expectedt,,,; (130  concentration of vesicle phospholipids. a.u., arbitrary units.
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T T T ing, E, stands forE,,.3given by oxonol VI as described
above.

60 - N . .
Determination of net passive nitrate and proton

fluxes and permeability coefficients

Addition of NO; (15 mM) to the external medium of
reconstituted PM vesicles strongly increased the dissipation
rate of the oxonol VI response to'Kvalinomycin diffusion
gradient K, = 200 mM as S& or SG; :NO; salt;K; =
1 mM as S@~ salt), whereas it had nearly no effect on the
initial response (Fig. 7A). We showed that N© only
slightly increased the dissipation rate of the oxonol VI
response to a similar &valinomycin diffusion gradient
across control liposomes (Grouzis et al., 1997). Thus, in-
sertion of PM proteins into the lipid bilayer, although 15-
fold (w/w) diluted at the surface of membrane vesicles after
reconstitution, appeared to induce a large JN@ak. In
oxonol (uM) addition, the desired information, i.e., the net passive;NO
o ) ) ~ flux (J) mediated by PM protein(s), appeared contained in
FIGURE _5 Fluorescence titration of reconstltuteq PM vesu':les and Ilpo-the NG; -dependent component of the dissipation kinetics
somes with oxonol VI at zer&,,. The assay medium contained 0.1 M . . . L. L
HEPES-Li (pH 7.4), 50 mM LiSO,, 0.5 mM K,SO, plus a fixed concen-  Of the diffusionE,, rather than in a variation of the initial
tration of membrane vesicles (§8M phospholipid). Reconstituted PM  Value of the latter.
vesicles @) and liposomes@) were reconstituted in the same buffer, as  Therefore J was determined as indicated in Fig. 7 from
d_esc_ribed in Materialsand.Meth_ods. The valu&gf due to the oxonol VI two main hypothesis: 1) K remains at thermodynamic
binding on membrane vesicles, is the total fluorescence observed after dy,

addition minus the corresponding one measured for free oxonol in separat%_qumbnum across the membrane vesicle with Hw,avalue

experiments. When the absorbance of the dye was higher than 0.05, ven independently by the oxonol dye, and 2) the kinetics
fluorescence intensity was corrected for inner filter quenching according t®f E,, dissipation underlie a net Kinflux (Jk), which
the method of Beyer et al. (1972). The dissociation constant and thelepends on the magnitudes of Knd NG, leaks electri-
maximal value of-, (Fm,,), extrapolated from the linear regression of the cally compensating the entry of K The validity of hypoth-
Scatchard plotifse), were, respectively, 6.2M and 85.6 for liposomes, eses 1 and 2 is addressed in the Discussion. The first step of
and 7.4uM and 124.9 for reconstituted PM vesicles. The numbérdf . . . . . N
binding sites per phospholipid unit was calculated fiem,, (see Table 1). Jy determination consisted in calculatiig, (i.e., Eplrobe’ci
Fig. 7 B), as described in the preceding section, from
fluorescence intensity (FI) records in the presence or in the
absence of NQ (Fig. 7 A). The second step consisted in

As detailed in the Appendix:.,; given by the probe after calculating the K concentration in the lumen (KFig. 7C)
correction for depletion and saturation effects, den&ggl,es during K filling kinetics according to

was given by

Eprones= (RTF)IN[{2Rt + 1}/{1 — (Oxt(2Rt/ + 1)

40 +—

F ox (arbitrary units)

20

Foxloxonol

K" = Kg exd —(F/RTE,] (8)

(7) A nonlinear regression fit of K = f(t) was used to deter-
* (Ftem — FW)/(N Lip F (Rt + 1)(P, — 1))}] mine the polynomial equation:

The initial slope of the linear regression Bf, 3 versus n
Enemstin the range 0-130 mV reached the expected value K= kit |,
(Fig. 6), and theE, 3 plateau (125 mV) agreed with j=0
maximalE,,,; calculated with Eq. 4 accounting for diffusion
E., across capacitor vesicles.

Maximal E,ne3 measured for liposomes of different
sizes (Table 2) confirmed that maxim@l,; increases with n
the vesicle radius, as expected from Eq. 4. Furthermore, dK* = > jkti
maximal E,,,e3agreed with maximak, calculated with =1
this relation, confirming that 1) the capacitance of the bio- .
logical membrane actually limits the magnitude of diffusion@nd the equation:

accounting for the K filling kinetics. Finally, J, (Fig. 7D)
was obtained from the derivative:

E,, across microscopic vesicles (Apell and Bersch, 1987) 3 = d(KFV/(ADD = (R/3)dK H/dt 9
and 2) the actudt,, can be reliably determined from oxonol : (KrV)(AdY = (R/3)K, ©)
VI fluorescence with Eq. 7, independently of th&q s According to the second hypothesis abo¥g was con-

calibration, which is misleading at high,,. In the follow-  sidered as electrically compensated either by a nét H
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TABLE 2 Vesicle size and maximal diffusion E,,,

Pyranine Gel chromatography Oxonol VI
Liposome type r* (nm) E,, calculated (mV) r (nm) E,, calculated (mV) E,, measured (mV)
Reconstituted 28 2 129+ 2 32+ 10 131+ 10 125+ 6
Sonicated 44+ 5 139+ 14 55+ 10 143+ 6 148+ 3
Freeze-thawed ND ND 185 20 171+ 4 170+ 3

Various types of liposomes were prepared, and corresponding ragiwga$ estimated using gel exclusion chromatography or entrapped pyranine
fluorescence measurements, as described in Materials and Methods. Intraduadimg vesicle capacitor model (Eq. 4) allowed us to calculate the maximal
diffusion potential £, calculated) as a function of for comparison with the one measured with oxonol E|,(neasured= E, .3 Eq. 7) after imposition

of an infinite inward K"-valinomycin diffusion gradient.

*Internal radius given by the pyranine dye plus 5 nm (to account for the membrane thickness).

efflux (J,,) in the absence of NDor by both a net H efflux  stitution, and for the protein to lipid ratio (w/w) close to 1
and a net N@ influx (Jy) in its presence. Therefore, de- reported for native corn root PM (Gronewald et al., 1982),
noting Jx)y and Jx)on the values ofl, in the presence or theP, of the latter should be-1.2 X 10 °m s *at pH 6.5

in the absence of ND, J,, andJ, were given as and E,, within 90—100 mV, 70-fold higher than the,, of

control liposomes.
In = (JIn — o anddy = (Je)on (10) P

Permeability coefficients were calculated fraly or Jy
andEm using the Goldman—Hodgkln—_Kat; (G—H-_K) relatlop 'DISCUSSION
(Stein, 1986). For reasons detailed in Discussion, only ini-
tial values of E, and fluxes were considered in the follow- Structural effects on diffusion E,,, across vesicles

Ing (_noted Bir i ‘]Ni): As NG was Qdde‘?' |n|t|§1IIy to the The present study confirms that capacitor properties of
outside (,qu’) of vesples .d.eprlved in this anion, the G,' biological membranes restricts the maximal diffusigg
.H'K rela_tlgn could be simplified to calculate the permeabil- across microscopic vesicles, due to their high surface to
ity coefficient Py): volume ratio, as shown by Apell and Bersch (198&),
Py = —Ju[RT(ZFE)1 — explz(F/RTEJINO;,  (11) smaller thanEyems: €Xpected from the initially imposed
diffusion gradient K/K;  are observed when X the
As both internal and external pH were the same, the G-H-Kequivalent concentration of Kions transferred inside to
relation could be also Slmp“fled to calculate the permeabil-po|arize the vesicle Capacitor, is not neg||g|b|e as Compared
ity coefficient for H" (Py): with K, (Fig. 6B). Maximal K. was 200 mM in the present
_ o study. Using this concentration, and vesicles loaded with
Pu = ~JulRT(zFE)J10 12 51 mm K7 (expectedEnems 185 mV), oxonol VI indi-
In the experiment in Fig. 7, with reconstituted PM vesi- cated thak,, reached 120 mV (Fig. 6), in accordance with
cles,Jy; was 4.7x 10~ ° mol m~? s~ * corresponding t®y,  equilibriumE,, for K;" = K + K, = 0.1 mM + 1.3 mM,
of 8.6 X 10 ** m s %, according to Eq. 11. By contrast, a expected from the capacitor model (Egs. 2, 3, and 4). This
10* higher value was obtained &, (10 °ms ) fromJ,;  explains the increasing discrepancy observed above 70 mV
(1.2 X 107 mol m 2 s %), according to Eq. 12. As a (Fig. 6) betweenE,, indicated by the dye and expected
similar highP,, was obtained with control liposomes (0.8— Eyqmnst Publishedg,, values determined from the measured
0.9x 10 ®*m s ™Y, itis likely thatJ,; in reconstituted PM  accumulation ratio of radiolabeled lipophilic ions (by ap-
vesicles occurred by diffusion across the lipid bilayer, rathemplying Eq. 1) are generally smaller than expecig, . at
than by a protein-facilitated transpoR,, of reconstituted the larger used diffusion gradients (for example, Marshall et
PM vesicles and liposomes, at two pH values and at lowal., 1994; Huang et al., 1994), and this discrepancy seems
(50-60 mV) or high (90-100 mVE,, are indicated in explainable by the capacitor model (not shown). Agreement
Table 3. TheP, of liposomes remained close to 1¥  between maximak,, indicated by oxonol VI for vesicles of
10 ' m s ! at the two pH ands,, values, indicating the different sizes and maximé,,, calculated from the capac-
adequacy of the G-H-K model to account for the NO itor model (Table 2) confirms the adequacy of the latter to
diffusion across a lipid bilayer. Th, of reconstituted PM  account for such discrepancies.
vesicles was only 20—-30% higher than that of liposomes at The net negative electrostatic chargé displayed by the
low E,,, whereas it was fourfold higher at pH 6.5 and high membrane surface, due to fixed ionized groups, appeared as
E,.. The protein-facilitated component @f;, estimated as another structural property that affeés, i.e., the electrical
Jui of reconstituted PM vesicles minug; of control lipo-  potential difference between the two bulk solutioBs, is
somes, was linear with the protein to lipid ratio (w/w) within known to include an electrostatic component, besides the
the usable range (0.04—0.1; Table 3). Accounting for theliffusive one, corresponding to the difference of the inner
surface dilution of proteins in the lipid bilayer after recon- and outer electrostatic (surface) potentials (Ohki, 1981).



Pouliquin et al.

120

100
s 80
E
o 60

40

20
B o

100.0 —
< 100 .
E
b )
X

10 500 8° o

o0 o
o ®
e} ®
0.1~ [ .
© | I I ] L
0 50 100 150 200 250
ENernst(mv)

FIGURE 6 K*-valinomycin diffusion gradients across reconstituted PM

vesicles or control liposomes: comparison of experimental potentials given

by the oxonol VI probe and expected*KNernst potentials. ) The
diffusion potential in response to increasingKalinomycin gradients was
experimentally determinedg(,) from the oxonol VI fluorescence and
plotted versus the Nernst potential expected from the initially imposed
K*-valinomycin gradientEyems:= (RTF)IN(KZ/K;"). Three experimental

E,, estimates were calculated (Eq. 5) from the fluorescence Rific=
AF;/F,, measured as described in Fig. 1 and shown in FigE 3¢, (@)
calculated fromRt without any correctionE, . (A) from Rt corrected

for dye depletion (EQ. 6)E,ones () from Rt corrected for both dye

depletion and dye saturation of the internal vesicle leaflet (Eq. 7). Refer-

ence Eyems: Values are also plotteccifrve g to facilitate comparison.

Curve bcorresponds to the theoretical potential expected from capacitive

effects on diffusion potential across membrane vesicles (Eq. 4,Quitk
1 uF cm 2, r = 28 nm; see Materials and Methods and Table 2); the K
concentrations in the lumen (K introduced in this calculation were those

at equilibrium with the negative-inside Donnan potential expected before

the imposition of the K gradient (Eq. 8). B) Comparison of the K
concentration initially present in the lumen of the vesicleg (®) and the
equivalent K" concentration to be transferred in the lumen to charge the
membrane capacitor according to Eq. 24k0); the solid line indicates the
total internal concentration of K(K;* = K + KZ,) theoretically expected

at initial equilibriumE,,,; the increasing discrepancy betwegg,ezand
EnernstiS Observed (sed) when K, becomes significant compared tg'K
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FIGURE 7 Determination of net ion fluxes from depolarization kinetics
of K*-valinomycin diffusion potentials A) Fluorescence records at pH 6.5
after successive additions of oxonol VI, reconstituted PM vesicles, valino-
mycin, and KSO, (trace g, or K,SO, plus KNGO (trace b, to make the
final concentration of K and NQ; equal to 200 mM and 15 mM,
respectively. The Li-ionophore eth was added at the end of the assay to

High electrostatic potentials have been demonstrated at th@ampe, to zero, both external and internal media containing, (B) E,,

soybean liposome interface, reachind00 mV at 1 mM

(Eprobes EQ. 7) was calculated from the four fluorescence intensities

ionic strength (Schlieper et al., 1981). In the present studyindicated in Fig. 1.€) Internal K™ concentration (K) at equilibrium with

a high ionic strength was used in both external/interna
medium (50 mM L;SO,, 100 mM HEPES-Li at pH 7.4) to

Em was calculated (Eq. 8) and fitted using a polynomial regression algo-
rithm (solid line). O) Net K* fluxes () in the presence and in the absence
of NO3 were calculated from the derivatives of the polynomial fits (Eq. 9),

attenuate surface potentials via the so-called screening efng the net NQ flux (J) was determined as the NGdependent aug-

fect. The Gouy-Chapman theory is adequate to describ

@entation of], (see text).
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TABLE 3 Permeability coefficient to NO; of liposomes and reconstituted PM vesicles

Vesicles pH E., (MV) Jyi (nmol m2s7Y) Py (Mms*10"
Liposomes 6.5 95 4 0.97+ 0.09 1.72+ 0.01
Liposomes 6.5 5% 2 0.62+ 0.04 1.76x 0.09
Liposomes 7.4 94 5 0.97+ 0.06 1.73+ 0.04
Liposomes 7.4 52 2 0.59+ 0.04 1.71+ 0.13
Proteoliposomes 6.5 99 3 4.60+ 0.44 7.86x 0.69
Proteoliposomes 6.5 56 1 0.84+ 0.01 2.31+ 0.02
Proteoliposomes 7.4 99 4 1.76* 0.27 3.04+ 0.55
Proteoliposomes 7.4 551 0.83+ 0.07 2.31+ 0.19
Proteoliposomes 6.5 90 6 7.12+0.91 13.3+ 2.31
Proteoliposomes 6.5 94 4 3.50+ 0.42 6.35+ 0.61

Liposomes and reconstituted PM vesicles (proteoliposomes) were prepared as described in Materials and Methods. Proteoliposomes werefdioirmed at a i
to protein ratio (w/w) of 15, except in the last two listed, corresponding to ratios of 10 and 25, respectively. Net initial fluxes ofRpjfratevésicles

were determined at pH 6.5, or pH 7.4, from the N@ependent (15 mM ND) augmentation of the depolarization rate of thé-#alinomycin diffusion

potential, as described in the text and accompanying figures and legendsBgitials adjusted to the indicated value by varying thedffusion gradient.
Permeability coefficient to N© (P,) was calculated from the Goldman-Hodgkin-Katz relation (Eq. 11).

electrostatic potential and ion screening effect at the biocording to the vesicle capacitor model, except that the
logical membrane interface; noteworthy, potentials20  Donnan equilibrium K. (K, = K, .exp{—(F/RT) Eponnad)

mV are observed at such ionic strength (Gibrat and Grignonwas introduced in Eq. 4 in place of;/Kinitially imposed.
1983). Nevertheles,, is not expected to include an elec- The E,, calculated in this way correctly describ&g, e3
trostatic component (or a diffusive one) when the sam€Fig. 6, line b).

electrolyte solution, in principle, bathes both leaflets of In conclusion, ionophore-mediated diffusidy, across
symmetrical membranes as used in the present study, asicroscopic vesicles is structurally limited by the capacitor
both inner and outer surface potentials are in theory idenproperties of biological membranes. As shown in Fig. 6, the
tical. To explain the small, negative-inside,, indicated by  E,, range usable from such diffusion gradients lies within
the oxonol dye in such a situation (see yhexis intercept of  0-130 mV. This overlaps with the physiological range of
the experimental curve in Fig. 6), we hypothesized that thehe E,, of animal cells (Hille, 1992) but only partially with
electrostatic field of the inner surface may overlap in thethat of plant cells (Sanders and Slayman, 1989). Therefore,
core of the vesicles, owing to their small size. However, thehe study of some solute transport systems from plant cells
Gouy-Chapman theory does not allow us to describe thisould be restricted; for example, recently identified inward
situation, and we used the Donnan theory for the sake ofectifying K* channels (KAT1 and AKT1) are activated for
simplicity (Lakshminarayanaiah, 1984). The latter theory(absolute)E,, larger than 100 mV (Schachtman et al., 1992;
gives a simple explanation frame of the phenomenon, conVery et al., 1995). This could be overcome in several ways:
sidering fixed surface charges as nonpermeant charges rah) use of vesicles of higher radius (Philippot et al., 1983) to
domly distributed in the inner and outer compartments. Indiminish the surface/volume ratio (the maxintg), should
contrast to the outer compartment, where unpermeariticrease up to 190 mV using membrane vesicles pini-
charges may be considered as infinitely diluted, the smaltiameter); 2) clamping the internal concentration of the
inner lumen should enclose a high concentration of the lattediffusive ion (we have shown elsewhere that buffering the
and therefore a significant and stable excess of diffusivaresicle lumen allows us to generaté Hiffusion E,, up to
counterions (cations) responsible for a negative-inside equ250 mV (Ros et al., 1995)); and 3) activation of highly
librium Donnan potential given by electrogenic pumps (Ros et al., 1995).

Eponnan= (RT/F)argsint{2720/CY?), (13)
Probing E,,, without E\,.: calibration of

whereC is the concentration of monovalent salt amdhe
oxonol VI

net electrostatic charge. Indeed, the experimeBalyes

curve in Fig. 6 extrapolated to a small negatiyg = —10  Oxonol VI can be used for quantitative and continuous
mV in the absence of imposed‘Kdiffusion gradient, in  monitoring of E,,, without Ey,s;Calibration, provided that
agreement with th&g,,,..,value given by Eg. 8{11 mV,  experimental conditions are carefully chosen. A low oxonol
with C = 0.2 M K" plus 0.144 M Li" inside andr = 102  concentration is required for two reasons. First, the large
elementary charge &) (Schlieper et al., 1981). In the permeability coefficient of the lipid bilayer for the anion
experiment described in Fig. 6, vesicles were first equili-oxonol VI (Clarke and Apell, 1989), useful to monitor fast
brated in the presence of valinomycin angl K K, before  variations of E,, is responsible for a partiak,, short-
adding a concentrated,BRO, aliquot to generat&,, at final  circuiting when the dye is used in the micromolar range. A
Kg = 200 mM. To account for the small electrostatic concentration lower than 100 nM was required in our con-
componentE,, was calculated as previously indicated ac-ditions (Venema et al., 1993). Second, oxonol VI fluores-
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cence responds tg,, via an additional binding onto the this treatment is suitable for reconstituted membrane vesi-
internal membrane leaflet, at equilibrium with the free dyecles, as used in the present study, and not native ones, which
accumulated inside according to Nernst equilibrium (Eq. 1)are highly asymmetric (Serrano, 1989; Verhoven et al.,
Therefore E,, can be monitored as long as internal binding1992). In addition, native PM vesicles from corn roots are
sites remain unsaturated. In the present study, maximdtaky and had to be reconstituted to sustain large and
diffusion E,, was ~120 mV, corresponding to a 100-fold durable diffusiorE,,, (Grouzis et al., 1997). The complexity
accumulation (Eg. 1) of the free dye (8 in the lumen for  of natural lipid mixtures, as mixed soybean phospholipids,
50 nM in the outside). Approximately 60% of internal sites offers two advantages: 1) the lipid bilayer exhibits a very
remained unsaturated at 120 mV from comparison of maxtow number of binding sites for amphipolar ions (0.01 mol
imal FI of bound oxonol (Fig. 4; Table 1) and maximal FI of oxonol per mol of soybean phospholipid; Table 1), as
augmentation at 120 mV (see Results), which agreed witltompared, for example, with pure PC bilayer (0.25 mol of
the K, of membrane sites (6M; Fig. 5 and Table 1), and oxonol or of 8-anilino-1-naphtalenesulphonate per mol of
depletion of free dye (see Appendix). PC; Bammel et al., 1987; Gibrat and Grignon, 1983); the
E,, can be directly determined from observed Fl valueselectrostatic potential of such a natural lipid bilay&y, (see
without Ey.ne: Calibration of the dye, by using Eg. 1 to above), does not significantly vary upon binding of am-
account for thermodynamic equilibrium of freely permeantphipolar ions (Gibrat and Grignon, 1983); and 2) lipid
lipophilic ions across the membrane vesicle (Rottenbergbilayers from complex natural lipid mixtures have been
1989). Of course, this requires that the equilibrium ratio ofshown to form powerful bidimensional solvents required to
the free dye ©x/Ox,) can be reliably estimated from that of reinsert the complex variety of proteins of cell membranes
the bound dye @x,/O%,,), given by the term Rt + 1.  (Devaux, 1981).
Although the fluorescence yield#, of oxonol VI increased In conclusion, Egs. 6 and 7 correct oxonol FI values for
15- to 17-fold upon binding onto membrane vesicles (Fig. 4depletion of free dye and saturation of binding sites on the
and Table 1), this increase remained too low to make the Fhternal membrane leaflet, allowing us to determine the
of the free dye negligibleR,,; see typical record in Fig. 1). accumulation ratio of free dy®x/Ox, from that of the
In our experimental conditions, addition of membrane vesbound dyeOx,/Ox,,, given by the term Rt’ + 1. Therefore
icles (60uM lipids) caused a twofold augmentation of FI equilibriumE,, can be directly calculated using the thermo-
(from F,, to Ft), sufficient for a reliable determination of dynamic Eq. 1, as for other Nernstian lipophilic ions (Rot-
Fo, needed to estimate bound dye onto the external leafléenberg, 1989). In the present study, the 0—80-mV range
(Ox%,, = Fo/2). However, free dye was partially depleted corresponded to the higher *Kconcentrations initially
upon vesicle addition10%) and upon vesicle polarization present in the lumen (K), makingE,, unaffected by capac-
(up to 40%), because a low total oxonol concentration hadtor properties of membrane vesicles (see FigB&nd
to be used (50 nM). The first aim of the theoretical treatmentabove). As expecteds,, indicated by the dyeH; ,ned
in the Appendix was to correct Fl values measured in eaclagreed in this range witBys;Calculated from the initial
assay K, Ftg, andFty; Fig. 1) for these two depletion gradient KJ/K;~ (Fig. 6); the observed slope d,pes
steps. Despite its apparent complexity, Eq. 6 allows an easyersusEyemns:Was 0.95, the former values being onh10
correction of the fluorescence rati® from the above FI mV lower than the latter ones. As discussed above, the
values andb,, determined independently (Fig. 4; Table 1). electrostatic component &, (Epgnnan) Was likely respon-
Thereafter,Ox,/O%,, iS given by Rt + 1 (see Results). sible for this small discrepancy. This agreement ascertains a
Titration in Fig. 5 indicates that bound dye remained ap-posteriori the validity of the treatment used here to deter-
proximately linear with free dye below AM; thus, Ox,/  mine directlyE,,, without dye calibration. At higheE,,, an
Oxy Was usable in place ddx/Ox, to calculateE,, using  increasing discrepancy was observed betwEgp,.; and
Eg. 1 as long as accumulation ratios remained lower thalkyems: @S Epropes rf€ached a plateau, but the latter was
20, corresponding t&,, smaller than 80 mV. quantitatively accounted for by capacitor properties of ves-
At larger E,,, the internal leaflet became progressivelyicles, as discussed above.
saturated (40% saturation at maxing) of 125 mV), and
Ox/Ox, versusOx,/Ox,, was expected to deviate from
linearity. The second aim of thg treatment in the Appe.nd'XDistribution of K*
was to account for this deviation by introducing the iso-
therm of oxonol VI binding onto the membrane leaflet (Fig.
5). This correction (Eq. 7) was minor compared with that for Dissipation kinetics of diffusiorE,,, across valinomycin-
depletion of free dye and required only the introduction ofcontaining vesicles underlie kfilling kinetics. The K"
the number I{, Table 1), and not,, of binding sites. concentration in the lumen (Fig. @) was calculated from
Although, as already noted, the observaBjgrange for a theE,, indicated by oxonol VI (Fig. B), assuming that K
given oxonol concentration depends on Kyeof membrane  remains distributed at thermodynamic equilibrium (Eg. 8)
sites, this parameter is eliminated in the treatment in theluring the depolarization kinetics.
Appendix, assuming that the membrane is symmetrical re- Of course, K was not strictly at equilibrium, ag&,,
garding its oxonol VI binding characteristics. Therefore, dissipated. Nevertheless, we have shown in similar experi-

across valinomycin-containing
vesicles during depolarization kinetics
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ments (except we used multilabeled liposomes containingjpid bilayer and a relative decrease of protein-mediated ion
valinomycin) that the K concentration indicated in the leaks, which ensures that instdft, value depends only on
lumen by a K" probe (PBFI, potassium-binding benzofuran the equilibrium distribution of K and in turn thatJ.
isophthalate) remained virtually at Nernst equilibrium with depends only on ion leaks.

E,, (simultaneously measured with oxonol VI) during the In the absence of ND, J,; was assumed equal 3y; (Eq.
depolarization kinetics (Venema et al., 1993). In this study,10). Indeed, as shown elsewhere using similar buffers and
a 0—-80-mV range was used to escape to capacitor effectalinomycin-containing liposomes multilabeled with*K
described above. H*, and E,, probes (Venema et al., 1993), diffusid,

A strict K* equilibrium should correspond to const&t  dissipates via electrically coupled 1:1"KH™ exchange
and zeroJ,. Transmembrane K electrochemical gradient fluxes in the absence of added permeant ionic species. The
(Auy) needed to drive the maximal obsengd(8 X 10 °  large permeability coefficient for H of lipid bilayers cal-
mol m ?s™ % atE,, 100 mV, 15 mM N@, pH 6.5) can be culated fromJ,; in liposomes P, ~ 10 ° m s %, not
calculated from the G-H-K relation (Stein, 1986). TRgof  shown) agrees with that measured frdmmonitored with
vesicles was expected to bes X 108 m s * considering  pH probes (Rossignol et al., 1982).
that valinomycin could transport 1& * ions s * (L&auger, Jui was taken as the difference &f; in the presence and
1980) and that each vesicle contained four valinomycinn the absence of ND (Eqg. 10), leading td? of ~1.8 X
molecules. Introducing thd, in the G-H-K relation shows 10 ** m s * for control liposomesP,, values from litera-
that the maximal, indicated above was accounted for by ture are scarce, but this value is in the range of the ones
E,, = 99.9 mV in place of equilibriumE,, (100 mV), obtained by Gutknecht and Walter (1981) for liposomes of
corresponding tdw, = 15 J mol . This confirms that the  different lipid compositions and ionic conditions. The data
deviation from strict K equilibriumE,,, required to explain in Table 3 indicate thaly; in control liposomes increased
the observed depolarization kinetics, and to drigg is  with E,; according to G-H-K equation (i.eJy; at variable
experimentally undetectable. As discussed in the preceding,,; is accounted for by introducing a singkg, value of
section, oxonol VI used as a diref, sensor allows us to 1.8 X 10 ** m s™%). In addition, similarPy, values were
determine the actual equilibriufg,, throughout the depo- observed at pH 6.5 or 7.4.
larization kinetics, whatever the size of structural effects Jy; in reconstituted PM vesicles was also accounted for
evoked above (capacitance and surface charge). The valby a singleP, value (2.3x 10 **m s %) at pH 6.5 or 7.4
of K, during the depolarization kinetics was calculatedand low E,, (50-60 mV). But in this caseRy strongly
from E,,, (Eq. 8), assuming that Kremained constant as the increased at higk,,, (90—100 mV) and was higher at pH 6.5
internal volume of vesicles was negligible 60 uM lipid  (~8 X 10 ** m s %) than at pH 7.4 (3x 10 ** m s b;
vesicles, specific volumef@ L mol~* lipids). accounting for the surface dilution of proteins in lipid bi-
layer after reconstitutionP, of root cell PM should be
~1.2x 102 m s ' at pH 6.5 and=,,, within 90—-100 mV,

i.e., 70-fold higher thaR due to NG diffusion across the
lipid bilayer, and similar tdP, determined in situ for corn
roots (Thibaud et al., 1986). Thus, PM from root cells
ThatE,, remained virtually at K equilibrium during depo- displayed a strikingly largd®y, dependent on voltage, as
larization kinetics indicates that the'Kconductance medi- shown by the in vivo electrophysiological study of anion
ated by valinomycin was prominent over other ion leakschannels in plant leaf guard cells (Schmidt and Schroeder,
(i.e., K" Nernst potentials approximates},, derived from  1994; Hedrich and Marten, 1993). However, it was ob-
the general G-H-K equation). Conversely, this implies thatserved only at an acidic pH of 6.5, typical of the optimal pH
the corresponding K filling kinetics were controlled by the of the plant PM H-ATPase. This is in agreement with the
size of ion leaks, electrically compensating the entry 6f K previous observation at pH 6.5 of a highly conductive
and not by the K conductance. Indeed, theoretical filling passive NQ pathway coupled to the Hpump (Grouzis et
time expected fronP, estimated above for valinomycin- al., 1997). As already noted, no anion channel has been
containing vesicles (X 10 ® m s %) should be~0.3 s at  found to date in mature cortical root cells to explain large
zeroE,,, which is in agreement with the instant depolariza-passive N@Q efflux transiently observed in response of
tion (i.e., K" filling) of Li "-containing vesicles after addi- various stress (for example, transplant shock; Delhon et al.,
tion of the ionophore eth to mediate a large compensator§995). The present study suggests that imposing an acidic
Li * efflux (Fig. 7A). Therefore, the analysis of depolariza- pH in the plant cytosol might be important for such an
tion kinetics in different ion conditions must allow for the investigation.

dissection of protein-mediated leaks of interest.

As already noted, reconstitution of PM proteins in lipids
forms highly tight vesicles (exhibiting high and sustained APPENDIX
dIﬁUSIO,n Em)_WIth symmetrical lipid leaflets, as requwed, to The following symbols are used,, membrane potentialE,,;, initial
determine directlyE,, from oxonol VI FI values. In addi-  (maximal)E,, corresponding tdRt; Eye,nes Nemst potential (calculated
tion, protein reconstitution permits a surface dilution in thefor initial K * equilibrium); F,,,, fluorescence of the assay buffer (no dye,

Net H" and NO; fluxes and permeability
coefficient of PM from plant root cells
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no vesicles)f,,, fluorescence of the dye, free in buffer (no vesiclég), The fraction of free oxonol is given byF(n;, — Fo)/Fmy, after vesicles
fluorescence of the dye in the presence of vesicles at EgfoFt,, addition and by kmy, — F")/Fm, after E;, generation, wher&my,, is the
fluorescence of the dye in the presence of vesiclegat# 0; Fmy, maximal fluorescence of the dye totally bound onto the membrane (Fig. 4

maximal fluorescence of the dye (50 nM), totally bound onto vesicles;and Table 1). Thust,, andF;, are given by
Fm,,, maximal fluorescence of the vesicles (@&B1), saturated by the dye;

Rt, fluorescence ratioAF/F,; see Fig. 1);Rt,,, maximal fluorescence Fw = Fu(Fmy, — Fo)/lFmy, (A5)
ratio observed at infinite diffusion gradien;,, fluorescence yield of free
dye (equivalent to quantum yieldds;,, fluorescence yield of bound dye; Fr = Fw(Fmip _ F”)/anp (A6)

¢,, relative fluorescence yield of the dye (bound/frdap, phospholipid
concentrationN, number of binding sites per unit phospholipid concen- Denoting &, and ®,, the fluorescence efficiency of bound and free

tration; K, dissociation constant of binding site®x and Ox,, free dye . : ’ . .
. : . . ] oxonol, respectively, the following set of equations is experimentally

concentrations in the lumen or outside the lumen, respectisty; and important:
Ox,., bound dye concentration onto the internal or external, respectively, P ’
vesicle leaflets. =

The free form of the permeant lipophilic anion oxonol VI is expected to Mhp
accumulate in the vesicle lumen at thermodynamic equilibrium with pos-
itive inside membrane potentiaEg):

= ®;,,0x andF,, = ®,0x, giving Fm;, = ®,F,,
(A7)

Indeed, the ratio of the fluorescence efficienclgs= ®;,/®,,, determined
E. = (RT/F)In(Ox/O Al by titrating the dye with vesicles (Fig. 4), is an intrinsic and reproducible
m=( )In(OX/Ox;) (A1) characteristic of the dye-membrane interaction in the conditions used for
the assay (see Table 1). On the other hdng,and®,,, and thereforém,

The membrane potenti&d,, can be calculated from the ratx,/Ox,, of . .
the dye bound onto internal and external membrane leaflets, measured aEdFW’ may vary throughout the experimentation because they depend on

2R(+ 1 (see tex), I place of he rato of the free ayayOx, f 1) the 1= corup of 11 shectaforometer ey ave expressed i arbivary uni).
relation bound versus free dye concentrations is lin@ag andOx << K Y, Y g

of membrane sites) and 2) there is no significant depletion of the fre ning of each record (see Fig. 1), and thus used to estifag (F,).

external concentratiorOx, ~ Ox). The E,, value calculated in this way eReplacmg this expression &y, in Eqs. AS and AG gives
(Eprobed Was twofold lower than that expected (see Fig. 6 and text),
because the two above conditions were not totally fulfilled. The aim of the
treatment below is to analyze the relation betw&q/Ox,, and Ox/Ox,

as a function of,,, Ftc,, andFt,, measured in each record (see Fig. 1), to

correct the observe@x,/Ox,, (i.e., Rt + 1) for partial depletion of the ,
free dye or for partial saturation of the internal leaflet. In the following, the Fo= (I),(Fto - FW)/(CDr - 1)- (A9)
fluorescence intensitids,,, Fte,,, andFt, are the values after correction for

the intrinsic fluorescence of the buffer and successive dilutions (see Fig. 1giving in turnF,,. from Eq. A9:

Fo = (&F, — Fo)/d, andFy, = (d,F, — F")/D, (A8)

F¢ can be explicitly taken from Eqgs. A3 and A9:

Fo = (Fu®@: — Fto)/ (P — 1) (A10)

Correction for the depletion of the free form of
oxonol VI due to its binding onto

membrane vesicles Fr = (®,F, — Fte)/(D, — 1) (A11)

The total internal volume of vesicles was lower than 0.02% of the external ) R Y )

one; the proportion of the free dye accumulated in the vesicle IumenThese expressions &, Fy,, Fy, allowed to calculatd from Eq. A2:

remained negligible, even at the highgy, (125 mV). Therefore, the

depletion of the free dye arose from its binding onto membrane vesiclesl.:6 = q)r((cbrFW o FtEm)(FtO o Fw))/

This can be accounted for from the valueskyf, Ftg,, andFt, and the

relative (bound/free) fluorescence vyield of t:ifdﬂeE)rE as folloc\)/vs. ((q)rFW B FtO)(q)r - 1))'
The initial concentration of free external oxor®k, (Ox), correspond-

ing to the fluorescenck,,, decreases down 10X, (corresponding td=,) ~ @ndF” can be calculated from Egs. A4 and A10:

upon membrane vesicles addition at z&g, and down toOx;, (corre-

sponding toF},) uponE,, generation. AccordinglyOx,, diminishes down F'= q)r(FtEm - Fw)/(q)r - 1), (A13)

to Ox,, (corresponding té(/2) andOxy,, (corresponding té/2). As the

maximal value ofOx, (Ox = 0.05 uM) is ~100-fold lower than the  giving AF” from Eq. A4:

dissociation constant of membrane sit®s,, is to decrease linearly with

Ox,, and thusF, with F,,: AF" = ®F,(Fte,, — Fto)/(P,F, — Fty)  (Al4)

F, can be similarly taken from Egs. A4 and A10:

(A12)

FyF,, = FYFy, (A2) Finally, Egs. A12 and A14 allow us to calculate the valueRtf =
AF"IF,, accounting for the depletion of the free form of the dye:
Therefore, the fluorescence of bound and free dye is actually distributed

after vesicle addition according to Rt = F((Ftey, — Fto)(d, — D)/((D,F,, — Fte)(Fto — Fy))
(A15)
Fuw+ Fo=F, + Fy=Ft, (A3)

Equation A15 allows us to measure the actual accumulation@ej@Ox,,,
and similarly, considering the fluorescence of total bound dyr,{ + (2Rt + 1), following E,,, generation, from the value &, Ftc,, andFt,
0Ox,) onto both membrane leaflets (= F, + AF; see Fig. 1) afteE,, measured in each record. Provided tbet, remains actually linear with
generation: Ox, En, (Eproned Can be calculated from Eq. Al:

Fte, = Fy, + F"=F}, + Fg + AF” (A4) Eprobez= (RTF)IN(2RE + 1) (A16)



372 Biophysical Journal Volume 76 January 1999

Correction for the saturation of the internal Apell, H. J., and B. Bersch. 1987. Oxonol VI as an optical indicator for
. membrane potential in lipids vesicleBiochim. Biophys. Acta903:
membrane leaflet by oxonol VI at high E,,, 480494,
Oxonol binds onto membrane vesicles according to a mass action laidammel, B. P., J. A. Brand, R. B. Simmons, D. Evans, and J. C. Smith.
(Fig. 5): 1987. The interaction of potential-sensitive molecular probes with
dimyristoylphophatidylcholine vesicles investigated By?-NMR and
Ox =N Lip O)d(Kd + OX) (A17) electron microscopyBiochim. Biophys. Acta896:136-152.

Bashford, C. L., B. Chance, and R. C. Prince. 1979. Oxonol dyes as
whereN, Lip, andK, are the number of sites per unit of phospholipid monitors of membrane potential: their behavior in photosynthetic bac-
concentration, the phospholipid concentration, and the dissociation con- t€ia. Biochim. Biophys. ACt6645'46_47_' _
stant, respectively. From thi€, and Oxt values (6uM and 0.05uM, Beyer, C. F., C. G. Lyman, and W. A. Gibbons. 1972. Interaction of the
respectively)Ox,, is expected to remain linear witx, (Ox,, = N Lip fluorescent prqbe 2p—to|u|d|_ny|naphthalene—G—squonate with p_eptldes:
Ox/K,), because the latter decreases upon posEyegeneration. By structural requirements for binding and fluorescence enhanceBient.
contrastOx is expected to become closeKgq at highE,,, and thusOx,, to chemistry.11:4920-4925. o
become nonlinear witlDx. Developing the binding equation of oxonol Clarke, R. J., and H. J. Apell. 1989. A stopped-flow kinetic study of the
onto both membrane leaflets allows us to exp@g£Ox,, used to calculate interaction of potential-sensitive oxonol dyes with lipid vesiclB&-

E., (Eq. Al), as a function 00x,/Ox,, (2Rt’ + 1): phys. Chem34.?25—23?. ) .

Delhon, P., A. Gojon, P. Tillard, and L. Passama. 1995. Diurnal regulation

Ox/0%, = (O%,/Oxy0)N Lip/(N Lip — 20x,) of NO; uptake in soybean plants. I. Changes in]Nidflux, efflux, and

N utilization in the plant during the day/night cycld. Exp. Bot.

De Michelis, M. 1., and R. M. Spanswick. 1986. Fpumping driven by the

The value oN (Table 1) has been determined from the titrations in Figs. vana_date-sgnsﬁwe ATPase in membrane vesicles from corn Fiate.
. S Physiol.81:542-547.
4 and 5. As the fraction of bound dye is given BYFm,,, and from Eq. . o o
A7 Devaux, P. H. 1981. Solubility of intrinsic membrane proteins in phospho-
’ lipid bilayers. In Membranes and Intercellular Communication. R.

O%, + Ox, = Oxt F”/Fmip = Oxt F"/(q)er) (A19) g:x]énéshﬁifgabre, and P. H. Devaux, editors. North-Holland, Amster-

Galtier, N., A. Belver, R. Gibrat, J.-P. Grouzis, J. Rigaud, and C. Grignon.
1988. Preparation of corn root plasmalemma with low Mg-ATPase
A20 latency and high electrogenic'Hpumping activity after phase partition-
( ) ing. Plant Physiol.87:491-497.

Gibrat, R., and C. Grignon. 1983. A procedure for estimating the surface
potential of charged or neutral membranes with 8-anilino-1-
naphthalenesulphonate probe: adequacy of the Gouy-Chapman model.

IntroducingF” from Eq. A13, gives
Oxbo + OXbI = OXt(FtEm - FW)/(FW(CDI' - 1))1

as Ox,/Ox,, is given by (Rt + 1), when the free probe depletion is

accounted for:
Biochim. Biophys. Actaz36:196—-202.
_ " _ “ —
Ox, = Oxt(Rt + 0.5)(Ftg, — F)/((Rt'+ 1)((P, — DF,)) Gradmann, D., U.-P. Hansen, W. S. Long, C. L. Slayman, and J. Warncke.

(A21) 1978. Current-voltage relationships for plasma membrane and its prin-
) ) ) cipal electrogenic pump ifNeurospora crassal. Steady-state condi-
Introducing Eq. A21 in Eq. A18 permits us to calcul&g (Epoped from tions. J. Membr. Biol.39:333-367.

Eq. Al as Gronewald, J. W., W. Abou-Khalil, E. J. Weber, and J. B. Hanson. 1982.
Lipid composition of a plasma membrane enriched fraction of maize
(RT/F)|n[{2Rt{'+ 1}/{1 - (OXt(ZRﬁ,“‘ 1) (A22) roots. Phytochemistry21:859—-862.
. Grouzis, J.-P., P. Pouliquin, J. Rigaud, C. Grignon, and R. Gibrat. 1897.
‘U
) (FtEm - Fw))/ (N Lip I:w(Rti + 1)(q)r - 1))}] vitro study of passive nitrate transport by native and reconstituted
plasma membrane vesicles from corn root c@8ischim. Biophys. Acta.
In summary, the parameteds andN, required in the equations above 1325:329-342.
and which characterize the membrane dye interaction, are first determineg ixnecht. J.. and A. Walter. 1981. Hydrofluoric and nitric acid transport
by titrations. Thereaftefr,, andFt, are measured at the beginning of each  through lipid bilayer membraneBiochim. Biophys. Actd&44:153-156.
assay, gnd introduced in Eq. A5 to Qalculﬁ_téf(tlme) fr_om Ft_Emf(t'me)’ Hedrich, R., and |. Marten. 1993. Malate-induced feedback regulation of
accounting for the free dye depletion. FinallRt/ f(time) is used to plasma membrane anion channels could provide a €@sor to guard
calculate E, f(time) using Eq. A22, accounting in addition for partial  ¢ells. EMBO J.12:897—901.

saturation of the internal membrane leaflet of the vesicles. Hille, B. 1992. lonic Channels of Excitable Membranes. Sinauer Associ-

ates, Sunderland, MA.
) ) . ) . ) _ Huang, J. W., D. L. Grunes, and L. V. Kochian. 1994. Voltage-dependent
Helpful discussions during this work and critical reading of our manuscript £+ influx into right-side-out plasma membrane vesicles isolated from
by Prof. C. Grignon are gratefully acknowledged. We also thank Prof. J. wheat roots: characterization of a putative?Cahannel.Proc. Natl.
Guern (Institut des Sciences §tales, CNRS, Gif-sur-Yvette, France) and  Acad. Sci. U.S.A91:3473-3477.
Dr. F. Guillain (Departement de Biologie Cellulaire et Malalaire, C.E.A. Kaestner, K. H., and H. Sze. 1987. Potential dependent anion transport in
de Saclay, Gif-sur Yvette, France) for interest and valuable comments. We tonoplast vesicles from oat root8lant Physiol.83:483—489.

are also indebted to Dr. J. Widmar for his kind revision of the manuscript'Lakshminarayanaiah, N. 1984. Equations of Membrane Biophysics. Aca-

Dr. P. Pouliquin was the recipient of a grant from the Mihistele la demic Press, London.
Recherche et de I'Education. Lauger, P. 1980. Kinetic properties of ion carriers and chandeldembr.
Biol. 57:163-178.
Marshall, J., A. Corzo, R. A. Leigh, and D. Sanders. 1994. Membrane
REFERENCES potential dependent calcium transport in right-side-out plasma mem-
brane vesicles fronZea mayd.. roots. Plant J.5:683-694.

Ackers, G. K. 1967. A new calibration procedure for gel filtration columns. Mueller, P., T. F. Chien, and B. Rudy. 1983. Formation and properties of
J. Biol. Chem242:3237-3238. cell-size lipid bilayer vesiclesBiophys. J44:375-381.



Pouliquin et al. Passive NO3 Transport in Vitro Using Oxonol VI 373

Ohki, S. 1981. Membrane potential, surface potential and ionic permeabiliSchlieper, P., P. K. Medda, and R. Kaufmann. 1981. Drug-induced zeta
ties. Physiol. Chem. Phy4.3:195-210. potential changes in liposomes studied by laser doppler spectroscopy.
Ollivon, M., A. Walter, and R. Blumenthal. 1986. Sizing and separation of ~Biochim. Biophys. Acte644:273-283.
liposomes, biological vesicles, and viruses by high-performance liquidscpmigt, C., and J. I. Schroeder. 1994. Anion selectivity of slow anion
chromatographyAnal. Biochem152:262-274. channel in the plasma membrane of guard cdtignt Physiol.106:
Philippot, J., S. Mutaftschiev, and J. P. Liautard. 1983. A very mild method 3g83-391.

allowing the encapsulation of very high amounts of macromolecules into .
very large (1000 nm) unilamellar liposomeBiochim. Biophys. Acta. ~ Sefrano, R. 1989. Structure and function of plasma membrane ATPase.

734:137-143. Annu. Rev. Plant Physiol. Plant Mol. Bial0:61-94.

Reynolds, J. A., Y. Nozaki, and C. Tanford. 1983. Gel-exclusion chroma-Simon-Plas, F., K. Venema, J.-P. Grouzis, R. Gibrat, and C. Grignon. 1991.
tography on S1000 Sephacryl: application to phospholipid vesicles. Spontaneous insertion of plant plasma membrané)AHPase into a
Anal. Biochem130:471-474. preformed bilayerJ. Membr. Biol.120:51-58.

Ros, R., C. Romieu, R. Gibrat, and C. Grignon. 1995. The plant inorganicgyein, v, p. 1986. Transport and Diffusion Across Cell Membranes.
pyrophosphatase does not transport i vacuole membrane vesicles Academic Press. Orlando. FL
multilabeled with fluorescent probes for'HK™, and membrane poten- ’ T

tial. J. Biol. Chem270:4368—-4374. Sukhorukov, V. L., C. S. Djuzenova, W. M. Arnold, and U. Zimmermann.
Rossignol, M., P. Thomas, and C. Grignon. 1982. Proton permeability of 1994. DNA, protein and plasma membrane incorporation by arrested

liposomes from natural phospholipid mixtur&@ochim. Biophys. Acta. mammalian cellsJ. Membr. Biol.142:77-92.

684:195-199. Teissie, J., and T. Y. Tsong. 1981. Electric field induced transient pores in

Rottenberg, H. 1989. Proton electrochemical potential gradients in vesi- phospholipid bilayer vesicle®iochemistry20:1548-1554.
cles, organelles, and prokaryotic celldethods Enzymoll72:63—-84. ) ) .
R P a M. Sk tth PyF' dlav. E. Delhai y dsS.D.T Thibaud, J.-B., A. Soler, and C. Grignon. 1986! kind K" electrogenic
yan, 7. ., M. Skerrett, &. . Finday, E. Delhaize, and >. . fyerman. exchange in corn root®lant Physiol.81:847-853.
1997. Aluminium activates an anion channel in the apical cells of wheat
roots.Proc. Natl. Acad. Sci. U.S.24:6547—-6552. Venema, K., R. Gibrat, J.-P. Grouzis, and C. Grignon. 1993. Quantitative
Sanders, D., and C. L. Slayman. 1989. Transport at the plasma membraneMeasurement of cationic fluxes, selectivity and membrane potential
of plant cells: a reviewln Plant Membrane Transport: The Current  using liposomes multilabelled with fluorescent probBgchim. Bio-
Position. J. Dainty, M. |. De Michelis, E. Marré=. Rasi-Caldogno, phys. Actal1146:87-96.
editors. Elsevier/North Holland, Amsterdam. 3-11. Verhoven, B., R. A. Schlegel, and P. Williamson. 1992. Rapid loss and
Schachtman, D. P., J. I. Schroeder, W. J. Lucas, J. A. Anderson, and R. F. restoration of lipid asymmetry by different pathways in resealed eryth-
Gaber. 1992. Expression of an inward-rectifying potassium channel by rocytes ghostsBiochim. Biophys. Actal104:15-23.
the Arabidopsis KATIcDNA. Science258:1654—-1658.
Schachtman, D. P., S. D. Tyerman, and B. R. Terry. 1991. Tha&NK"
selectivity of a cation channel in the plasma membrane of root cells does
not differ in salt-tolerant and salt-sensitive wheat speédamnt Physiol.

Very, A.-A., F. Gaymard, C. Bosseux, H. Sentenac, and J.-B. Thibaud.
1995. Expression of a cloned plant"Kchannel inXenopusoocytes:
analysis of macroscopic currentlant J.7:321-332.

97:598-605. Zhen, R. G., S. J. Smith, and A. J. Miller. 1992. A comparison of nitrate
Schaffner, W., and C. Weissmann. 1973. A rapid, sensitive and specific selective microelectrodes made with different nitrate sensors and the
method for the determination of protein in dilute soluti@mal. Bio- measurement of intracellular nitrate activities in cells of excised barley

chem.56:502-514. roots.J. Exp. Bot.247:131-138.



